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ABSTRACT 


Wu  have  developed  instrumentation  which  automatically  measures  the  V-l 
characteristics  of  a  number  of  solar  cells,  and  transmits  the  resultant  serial¬ 
ized  data  stream  over  an  RF  telemetry  link.  Our  particular  system  was  de¬ 
signed  for  64  cells  whose  selection  is  accomplished  entirely  by  semicondiKlnr 
switching.  Two-hundred-and-fifty-two  points  are  taken  on  the  V -1  character¬ 
istic,  giving  detailed  information  on  slopes  as  well  as  actual  values.  Meas¬ 
urement  accuracies  are  0.03  percent  of  full  scale  for  voltage,  and  0.  1  percent 
for  current;  these  do  not  represent  attainable  limits,  but  are  simply  reason¬ 
able  limits  for  this  specific  application.  The  system  described  was  built  to 
calibrate  solar  cells  on  a  high-altitude  balloon  flight,  but  the  techniques  can  lx; 
used  equally  well  for  ground  or  satellite  applications. 
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BALLOON-FLIGHT  INSTRUMENTATION 
FOR  SOLAR-CELL  MEASUREMENTS 


I.  INTRODUCTION 

We  have  built  a  system  capable  of  measuring  solar-cell  V-I  characteristics  with  high 

accuracy  and  resolution.  The  need  for  such  de:ailed  measurements  has  become  increasingly 
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apparent  in  recent  experimental  studies.  For  example,  Waddel's  experiment  on  ATS- i  and, 
more  recently,  our  results  from  an  experiment  aboard  Lincoln  Laboratory  satellite  LES-6 
(ltcf.  2)  have  shown  that  short-circuit  current  measurements  do  not  adequately  depict  solar-cell 
degradation  in  space.  In  each  of  these  cases,  a  number  of  points  were  taken  on  the  V-l  curve 
of  each  solar  cell  under  test;  degradations  observed  at  maximum  power  varied  substantially 
from  those  observed  at  short-circuit  current. 

The  particular  system  described  in  this  report  was  designed  to  measure  characteristics  of 
solar  cells  in  a  Lincoln  Laboratory  experiment  carried  aboard  a  high-altitude  balloon  flight 
conducted  by  Jet  Propulsion  Laboratory  (JPL).  This  system  is  capable  of  measuring  64  cells; 
the  cell  being  measured  is  selected  entirely  by  semiconductor  techniques  Accuracy  of  the 
voltage  and  current  measurements  is  0.2  mV  and  0.16  mA,  respectively.  Data  are  digitized 
and  serialized  by  the  system,  and  telemetered  to  a  ground  station.  After  reconversion  to  a 
parallel  digital  format,  the  data  are  recorded  by  a  paper  printer  and  also  recorded  on  an  in¬ 
cremental  tape  recorder  for  later  computer  processing. 

II.  BACKGROUND 

A  solar-cell  calibration  and  degradation  experiment  was  carried  aboard  LES-6  which  was 

injected  into  synchronous  orbit  on  26  September  1968.  A  detailed  description  of  the  experiment, 

which  consisted  of  30  experimental  cells,  has  beer,  published.3 

The  solar  cells  for  the  flight  experiment,  plus  a  duplicate  backup  set,  were  calibrated  in 

sunlight  at  Kitt  Peak  Observatory  in  Arizona  at  an  altitude  of  -6000  feet  above  sea  level.  Irra- 
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diance  levels  during  the  calibration  tests  were  — 122  mW/cm  ,  and  a  plot  of  these  levels  during 
a  typical  day  is  shown  in  Fig.  1. 

The  calibration  values  of  short-circuit  current  I  were  extrapolated  to  air  mass  zero 
(AMO)  on  the  basis  of  the  standard  cell  which  had  been  employed  as  a  calibration  standard. 

Table  I  compares  these  values  with  those  observed  immediately  following  orbital  injection.  All 
cells  labeled  A  through  F  are  silicon  cells,  those  labeled  G  are  CdS  cells,  while  those  labeled 
11  are  CdTe  cells.  It  is  apparent  that  the  post-launch  values  for  the  silicon  cells  are  all  below 
those  anticipated;  a  plot  of  the  distribution  of  the  I  discrepancies  for  those  cells  is  shown  in 
Fig.  2.  The  CdS  cell  values  show  too  much  scatter  to  observe  a  systematic  error;  in  addition, 
one  would  not  expect  the  same  error  as  that  observed  in  the  silicon  cells  because  of  spectral 
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pig.  1.  Typical  test  period  irradiance  level  measurements  at  Kitt  Peak  Observatory. 


TABLE  I 

CALIBRATION  AND  FLIGHT  SHORT-CIRCUIT  CURRENT  COMPARISON 
(Currents  in  milliamperes) 


Percent 

Change 


Cell 

Calibration 

Flight 

A1 

1 

62.5 

A2 

wmw 

61.6 

A3 

49.5 

48.3 

A4 

49.0 

47.0 

B1 

60.9 

60.3 

B2 

60.0 

58.4 

B3 

50.2 

48.6 

B4 

48.3 

47.0 

Cl 

61.5 

60.6 

C2 

47.1 

44.8 

C3 

44.3 

43  ,.2 

C4 

60.4 

58.4 

D1 

62.4 

61.0 

D2 

46.9 

45.7 

D3 

40.7 

40.3 

D4 

54.9 

54.0 

Calibration 

Flight 

Percent 

Change 

42.6 

41.6 

-2.3 

39.0 

37.5 

-3.9 

56.9 

54.3 

-4.7 

41.9 

40.3 

-3.7 

58. 6 

56.2 

-4.1 

41.9 

40.6 

-3.1 

52.3 

50.8 

-2.9 

64.7 

63.5 

-1.8 

26.4 

26.7 

+1.0 

28.1 

26.7 

-5.2 

27.4 

25.4 

-7.5 

29.5 

28.6 

-3.2 

11.3 

5.7 

-49.5 

9.3 

4.8 

-*13.7 

Fig.  2.  LES-6  post-launch  I  error 
distribution  based  on  predicted  voi- 
ues  from  pre-launch  colibrotion. 
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differences  between  AMI  and  AMO  sunlight.  The  CdTe  cells  had  very  poor  contacts,  and  we 
surmise  that  these  lifted  or  became  resistive  during  launch  causing  the  excessive  degradation 
observed. 

We  suspected  that  the  few-percent  discrepancy  in  the  silicon  cell  values  arose  from  the 
calibration  standard  cell  used.  This  was  a  tertiary  standard,  and  transfer  errors  plus  possible 
spectral  differences  between  it  and  the  original  cell  could  easily  account  for  the  differences 
observed. 

Through  JPL,  we  were  offered  an  opportunity  to  fly  the  backup  panel  on  one  of  their  1969 
solar-cell  calibration  balloon  flights  at  120,000  feet.  Since  their  instrumentation  measured  only 
short-circuit  current  and  did  not  have  sufficient  sampling  channels  for  our  cells  plus  those  JPL 
wished  to  calibrate,  we  decided  to  build  a  system  which  would  measure  the  V-l  characteristics 
and  telemeter  the  data  in  a  digital  fashion  to  the  ground  over  an  unused  subcarrier  in  the  JPL 
telemetry  link.  We  also  decided  to  make  the  system  sufficiently  accurate  and  versatile  so  that 
we  could  use  it  for  prototype  studies  for  the  solar-cell  experiment  contemplated  for  our  next 
satellite,  as  well  as  for  other  possible  future  experiments. 


111.  SYSTEM  SPECIFICATION 

The  following  paragraphs  describe  the  system  characteristics. 

Number  of  Cells:—  The  experiment  can  handle  any  number  of  samples  up  to  64.  By  means 
of  switches,  the  system  can  be  made  to  reset  to  cell  1  after  any  given  cell  has  been  scanned; 
consequently,  unoccupied  sample  inputs  need  not  be  scanned,  provided  they  are  all  grouped  at 
the  end  of  the  64- sample  sequence. 

Voltage  Scan:—  252  voltage  steps  starting  from  zero  volts  are  applied  to  the  sample.  1'he 
step  increment  can  be  set  to  either  2.  5  or  3.125  mV.  Accuracy  of  the  voltage  applied  to  the  cell 
is  about  0.2  mV  over  the  entire  range,  and  over  a  temperature  range  of  —  25°  to  +7  5°C. 

Current  Measurement:-  Cell  currents  can  be  measured  up  to  163  mA,  with  a  measurement 
quantization  of  0.16 mA.  The  current-measurement  range  can  t'>  scaled  by  changing  one  resistor 
in  the  system  Measurement  accuracy  is  such  that  the  quantization  error  is  the  only  accuracy 
limit  which  need  be  considered  over  the  temperature  range  of -25°  to  +75°C. 

Data  Format:-  The  serial  data  stream  is  divided  into  frames  as  shown  in  Fig.  3.  Each 
frame  begins  with  an  8- bit  frame  identification  (ident)  which  is  cither  a  specific  8-bit  sequence 
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_ 
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Fig.  3.  Serialized  data  stream. 

ir  Its  complement.  The  frame  ident  is  followed  by  the  ident  of  the  cell  being  r  'asured.  the 
ident  of  the  step  of  the  measurement  sequence,  and,  finally,  the  output  of  the  analog- to- digital 
converter  (A/D)  for  tnat  particular  measurement.  The  measurement  sequence  for  a  cell  is 
comprised  of  256  steps;  the  first  252  are  voltage  steps  applied  to  the  cell,  and  the  A/D  reading 
represents  the  current  at  tiiose  steps.  During  the  last  four  steps,  thermistor  circuits  behind  the 
solar  cells  are  measured  by  the  A/D. 

Operating  Speed:-  The  system  operates  at  about  ten  measurements  per  second,  so  a  given 
solar-cell  V-l  characteristic  is  measured  in  about  26  seconds. 

Telemetry  Link:—  The  digital  output  of  the  system  is  inserted  on  an  18.1-kliz  output  with 
a  biphase  modulation  technique-  in  which  the  phase  <  f  the  18.1-kIlz  signal  undergoes  a  180°  phase 
reversal  each  time  a  data  zero  occurs.  The  18.1-kliz  signal  is  then  modulated  as  a  subcarrier 
on  a  230- MHz  telemetry  down-link. 

Data  Presentation:-  Received  data  are  demodulated  with  a  phase- locked  loop  system  and 
reconverted  to  a  parallel  format.  The  data  are  recorded  on  a  Kennedy  incremental  tape  re¬ 
corder  for  later  computer  processing,  and  also  on  a  paper- tape  printer  for  experimental  mon¬ 
itoring.  A  Nixie  display  is  also  provided  for  quick  monitoring  and  troubleshooting. 

Weight  and  Power:—  No  particular  efforts  were  made  to  minimize  weight  and  power.  The 
flight  portion  of  the  system  weighed  about  3  lb  and  consumed  about  5W  from  the  26- V  bus  supplied 
by  the  JPL  system.  These  weight  and  power  numbers  included  the  weight  and  efficiency  of  the 
power  converter  which  we  built  for  the  experiment. 

IV.  BASIC  V-I  MEASUREMENT  TECHNIQUE 

The  basic  technique  for  measuring  the  cell's  V-I  characteristic  is  illustrated  in  Fig.  4.  The 
cell  under  test  is  connected  between  two  operational  amplifiers,  both  of  which  are  assumed  to 
have  high  open- loop  voltage  gain  and  low  input  current.  OA1  is  comiected  as  a  voltage  follower, 
while  OA2  is  connected  in  an  inverting  configuration  as  a  transimpedance  amplifier.  Because 


Fig.  4  Basic  V-I  measurement  circuit. 
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of  tin?  high  gain,  the  negative  input,  terminal  of  OA2  is  virtually  at  ground  potential;  the  actual 
voltage  is 


V  =  V 
in  v  offset 


V  . 
out 

c; 


where  v0fjKnt  *s  the  amplifier  input  offset  error,  and  G  is  the  amplifier  open-loop  gain.  With 
the  high-performance  IC  operational  amplifiers  available  today,  V 0ffset  can  be  reduced  to  under 
0.1  mV;  thus,  with  voltage  gains  of  2  5,000  and  up,  V.  ean  be  made  negligible  with  respect  to 
the  voltage  of  the  cell  being  tested.  If  the  input  current  to  OA2  is  also  negligible,  then  all  ex¬ 
ternal  cell  current  flows  through  the  resistor  and  the  output  voltage  of  OA2  is  Mte.  The 
voltage  Ve  appears  at  the  output  of  OAl  because  of  its  voltage-follower  connection;  hence,  it 
also  appears  across  the  solar  cell.  Therefore,  by  stepping  or  sweeping  the  input  voltage  to 
OAl,  we  can  scan  the  V-i  characteristic  of  the  cell. 

Modification  of  tins  basic  circuit  to  allow  selection  of  one  of  a  number  of  cells  by  somicon- 
dueto-  switching  is  shown  in  f  ig.  5.  To  select  cell  1  for  measurement,  devices  through 
are  turned  ON.  and  are  bipolar  transistors  which  sink  the  necessary  current  Tom  the 
solar  cell.  and  are  field  effect  transistors  (KMT’s)  which  complete  the  voltage-follower 
feedback  path  to  the  cell  under  test.  So  long  as  the  input  current  to  OAl  is  negligible,  the  volt¬ 
age  drop  across  and  Q  can  be  neglected  and  the  voltage  applied  to  cell  1  is  equal  to  the  input 
voltage  V^.  The  voltage  across  and  divided  bv  the  gain  of  OAl  appears  as  an  error  volt¬ 
age  at  the  input  of  OAl,  but  so  long  as  the  gain  is  sufficiently  high,  this  error  can  be  neglected. 


Fig.  5.  Solar-cel!  feedbock  loop  with  selected  cell. 

Obviously,  only  one  bipolar  transistor  and  one  FET  are  fundamentally  necessary  to  accom¬ 
plish  the  cell  selection.  The  double-device  realization  shown  in  Kig.  5,  however,  allows  a  ma¬ 
trix  design  of  the  selection  circuits,  greatly  reducing  the  decoding  necessary  to  select  cells. 

It  is  worth  noting  that  a  remote- sense  capability  ean  be  realized  by  employing  a  two- wire 
system  on  each  end  of  the  solar  cell. 

V.  SOLAR-CELL  SELECTION  MATRIX 

The  complete  solar-eell  selection  matrix  is  shown  in  Fig.  6.  To  simplify  the  drivers  for 
64  cells,  an  8  x  8  matrix  realization  was  used.  One  output  line  of  each  dceoder/driver  (D/D) 
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Fig.  6.  Solar-cell  selection  matrix. 

isat+15V;  all  others  are  at  -3  V.  If  the  0  output  of  D/O  2  is  +1  5  V,  QqA  and  are  ON 

(FET's  are  n-channel  devices);  all  other  devices  in  the  vertical  column  . ^7  A*  ^71^ 

are  OFF.  If  the  0  output  of  U/U  1  is  H5V,  Q00ir  Qlcm . Q70B  are  ON;  also,  base  drive 

is  available  to  Q00A>  QloA . Q7oA-  Since  Q0A  is  ON’  QO0A  is  ON>  AU  otncl'  dt‘vices  in  tho 

matrix  are  OFF.  The  only  path  of  ON  bipolar  devices  from  OA1  output  to  a  cell  is  the  QqA  --  Q(joA 
path  to  cell  00.  Similarly,  the  only  MOSFET  path  from  the  negative  input  terminal  of  OA1  to  a 
cell  is  the  Q0JJ  -  QgoB  path  to  cell  00.  Hence,  cell  00  is  the  selected  cell  as  shown  ill  Fig.  3. 

In  Fig.  4,  all  solar-cell  cathodes  are  connected  to  the  virtual  ground  at  the  negative  input  of 
OA2.  Since  the  only  external  current  pulled  from  any  cell  is  that  of  the  selected  coll,  the  cur¬ 
rent  through  R  is  the  current  of  the  selected  cell, 
c 

Thus,  by  providing  an  analog  voltage  input  Vc  and  digital  inputs  to  the  1)/D's,  an  analog  out¬ 
put  voltage  H  lc  is  produced,  where  Kc  is  a  constant,  and  Ic  is  the  cell  current  at  voltage  Vc  of 
the  particular  selected  cell. 

As  described  above,  MOSFET's  are  used  as  the  main  switch  in  the  feedback  path  due  to  the 
simplicity  of  the  required  drive  circuitry.  If  the  system  were  to  be  redesigned  for  an  environ¬ 
ment  precluding  the  use  of  MOS  devices,  a  matrix  of  junction  FET's  could  be  constructed,  with 
a  slight  increase  in  the  complexity  of  the  drive  circuits. 
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VI.  SYSTEM  BLOCK  DIAGRAM 


Figure  7  is  a  block  diagram  of  the  I’.atloou-  Flight  Solar-Cell- ( Calibration  Experiment. 

Vri  18.  i-kllz  Wien- Bridge  oscillator  provides  the  timing  signals  for  the  equipment  and  also 
serves  as  the  source  of  a  high- spectral-purity  sine  wave  that  is  biphase  modulated  and  injected 
directly  into  the  down-link  transmitter  as  a  telemetry  subcarrier.  The  biphase  modulation 
scheme  was  chosen  because  of  its  narrow  bandwidth  and  the  relatively  simple  wav  to  demodulate 
the  ■  i;  n:.  I  on  I  ite  ;  rort  : . 
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Fig.  7.  Block  diagram  of  Balloon-Flight  Solar-Cell-Colibrotion  Experiment. 


In  I*'ijY.  7,  the  oscillator  sine  wave  is  converted  to  TTI.  logic  levels  and  drives  the  Bit  Counter, 
which  divides  the  18.1-kllz  frequency  by  a  factor  of  64.  The  time  for  one  complete  cycle  of  the 
Bit  Counter  constitutes  one  output  data  bit.  The  Bit  Counter  advances  the  Frame  Counter  which 
drives  the  Digital  Multiplexer  which,  in  turn,  presents  the  next  data  bit  to  the  Biphase  Modulator. 
If  the  data  bit  is  a  logical  ZERO,  the  Biphase  Modulator  changes  the  phase  of  the  output  carrier 
bv  180°;  if  the  data  bit  is  a  logical  ONE,  no  phase  reversal  occurs.  Thus,  a  phase  reversal  can 
occur  every  64  cycles  of  the  oscillator  output. 

After  modulation,  the  subcarrier  proceeds  through  a  passive  voltage  limiter  to  prevent  ex¬ 
cessive  voltages  from  being  injected  into  the  Telemetry  Link  subcarrier  mixer.  A  passive  low-Q 
output  filter  suppresses  signals  outside  the  assigned  pass  band.  The  filter  output  is  transfermer- 
eouplcd  to  avoid  DC  ground  loops.  The  signal  finally  goes  through  a  passive  gain  control  (poten¬ 
tiometer)  to  allow  amplitude  adjustment.  All  components  after  the  Biphase  Modulator  arc  passive 
to  prevent  excessive  or  out-of-band  signals  from  entering  the  .1B1,  telemetry  link  ever,  if  a  cata¬ 
strophic  failure  occurs  in  the  Lincoln  instrumentation. 

The  Frame  Counter  controls,  hy  means  of  the  Digital  Multiplexer,  the  32-bit  telemetry  frame 
which  consists  of  an  R -bit  frame-iden*  word,  a  6-bit  solar-cell  word,  an  R -oil  solar-eell-voltagc 
word,  and  a  10-bit  solar-cell-current  word.  The  frame-ident  word  allows  frame  synchronization 
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Fig.  8.  Bolloon  experiment  ground  stotion 


of  tile  data  stream  after  ground- station  demodulation.  The  particular  frame- ident  code  was  cho¬ 
sen  to  minimize  the  probability  that  the  same  sequence  would  appear  anywhere  else  in  the  data 
stream.  The  frame- ident  code  in  all  even- numbered  frames  is  the  logical  complement  of  the  ident 
code  in  all  odd- numbered  frames.  All  data  words  are  transmitted  Most-Significant- Hit  first. 

The  Frame  Counter  drives  the  H- 1) it  Step  Counter.  This  Sion  Counter  controls  the  voltage 
output  of  r,  l)/A  which,  in  turn,  establishes  the  voltage  across  the  particular  solar  cel!  being 
sampled,  l’lie  output  of  the  l)/A  is  either  2.6  or  3.125  mV' /step,  depending  on  a  switch  setting. 

The  Cell  Counter  is  a  6-hit  counter  that  determines  which  of  the  b3  solar  cells  is  being 
scanned.  After  one  complete  cycle  of  the  Step  Counter,  which  corresponds  to  a  complete  scan  of 
the  V-l  characteristic  of  one  solar  cell,  the  Cell  Counter  is  automatically  incremented,  initiating 
the  scanning  of  the  next  solar  coll.  Since  the  system  was  designed  to  accommodate  any  number 
of  cells  from  1  to  61.  internal  manual  programming  switches  force  the  sequencing  to  automat¬ 
ically  recycle  to  cell  00  (the  first  cell)  after  any  predetermined  number  of  cells  have  been  scanned. 

'I  lie  Cell  Selection  Matrix  and  Cell  Feedback  Hoop,  which  have  been  discussed  previously,  se¬ 
lect  the  appropriate  solar  cell,  force  the  voltage  across  the  cell  to  be  equal  to  the  voltage  output 
of  the  t i/A  converter,  and  produce  an  output  voltage  proportional  to  the  solar- cell  curr  ent.  Out¬ 
put  voltage  is  transmitted  to  the  A/O  by  the  A/l)  Input  Multiplexer  where  it  is  converted  to  digital 
form. 

Ouring  the  last  four  steps  of  each  solar-cell  scan,  the  A/O  Input  Multiplexer  selects  therm¬ 
istor  voltages  and  a  reference  voltage  instead  of  the  solar-eell  current  by  means  of  junction- FET 
devices. 

The  A/O  is  a  dual-slope  design  accurate  to  better  than  0.05  percent;  conversion  time  is 
36  msec.  The  input- integration  time  is  16.7  msec,  which  greatly  reduces  the  effects  of  60- Hz 
pickup  and  facilitates  ground  testing  of  the  system. 

VII.  POWER  CONVERTER 

The  power  convertor  shown  in  Fig.  1  is  a  high-efficiency  DC/DC  converter  that  incorporates 
a  transformer  flyback  technique.  The  converter  accepts  all  input  voltage  from  12  to  35  V  and 
delivers  +15,  -15,  +5,  and  -  3  V  from  a  multiple-tapped  transformer.  The  +5-V  output  is  reg¬ 
ulated  to  bettor  than  0.1  percent  for  all  output-load  and  input- voltage  variations.  A  total  of 
4.2  W  is  delivered  at  an  overall  efficiency  of  85  percent. 

The  complete  system  employs  regular- power  commercial-grade  TTL  for  logic  elements. 

All  operational  amplifiers  are  either  LM201  or  LM201A  (commercial  grade).  No  attempt  was 
made  to  minimize  power  consumption.  Taking  the  85-percent  efficiency  of  the  power  converter 
into  account,  the  complete  system  consumes  5  W. 

VHI.  TEMPERATURE  EFFECTS 

Although  all  components  in  the  package  were  commercial  grade  (0°  to  70  °C),  satisfactory 
operation  was  observed  over  a  -  50°  to  +75  °C  temperature  range.  Both  the  A/D  and  D/A  have  a 
maximum  variation  of  0.05  percent  over  a  -25°  to  +75  "C  temperature  range.  The  power  con¬ 
verter  has  a  linear  variation  of  0.015  percent  over  a  -20°  to  +60°C  range. 

IX.  GROUND  STATION 

After  receiving  the  demodulated  carrier  from  the  telemetry  receiver,  the  ground  station 
(Fig.  8)  first  filters  the  signal  to  obtain  the  desired  subcarrier  and  then  converts  to  TTL  levels 
with  a  hard  limiter.  The  signal  is  then  passed  to  a  phase- locked  loop  (PEL)  which  is  described 
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Tabulated  data  from  Balloon-Flight  Solar-Cell-Calibraticn  Experiment. 


further  in  a  Lincoln  Laboratory  internal  memorandum.  The  PLL  produces  a  signal  of  till  same 
frequency  as  the  original  subearrier,  but  without  any  phase  reversals. 

Tlie  output  of  the  limiter  is  mixed  with  the  output  of  the  PLL  and  passes  through  a  matehed 
filter  which  optimizes  the  signal-to-noise  ratio.  The  output  of  the  matched  filter  is  the  "raw- 
data"  signal  that  changes  level  every  time  a  phase  reversal  in  the  subearrier  oceurs.  livery 
transition  of  the  raw-data  signal  resets  a  6- bit  counter  that  divides  the  PLL  output  by  63.  The 
eounter  output  is  a  elock  signal  that  is  fed  to  the  rest  of  the  ground  station.  One  cyele  of  the 
clock  corresponds  to  1  bit  in  the  original  data  in  the  balloon  paekage. 

Sinec  the  original  data  were  encoded  as  phase  transitions  rather  than  absolute  phase,  a 
comparison  of  the  phase  of  the  subearrier  during  two  successive  bit  times  is  neeessary  to  re¬ 
cover  the  data.  This  comparison  is  accomplished  by  means  of  a  2-bit  shift  register  and 
exclusive-OR  circuit. 

The  data  and  elock  signals  are  buffered  for  magnetie-tape  recording  and  are  also  fed  to  a 

40-bit  shift  register.  The  first  8  and  last  H  bits  of  the  register  are  fed  to  a  frame  synchronizer. 

If  the  frame- ident  eode  and  its  complement  appear  in  these  16  bits,  the  remaining  24  bits  are 

treated  as  legitimate  data.  For  random  data,  the  probability  of  a  false  frame  synchronization 

1 5 

is  approximately  1  part  in  2  ,  or  1  part  in  32,000.  Because  of  constraints  on  data  ehanges  be¬ 

tween  successive  frames  and  because  of  the  nature  of  the  frame- ident  code,  the  probability  of 
a  false  frame  synchronization  is  considerably  less  when  data  are  being  received. 

The  frame  synchronizer  controls  the  two  Binary/BCL)  converters  that  produee  the  BCD- 
current  and  BCD-voltage  words;  these  converters  have  storage  capability.  The  deeimal  outputs 
are  appropriately  sealed  to  read  in  millivolts  and  milliamperos.  The  eell-ident  word  is  not 
converted  to  deeimal  but  is  treated  as  a  2-digit  octal  word.  The  frame  synchronizer  also  strobes 
the  6-bit  latch  that  stores  the  cell-ident  word. 

The  syne  pulse  is  delayed  and  fed  to  a  digital  printer  and  an  incremental  tape  recorder  as  a 
print/reeord  eommand.  The  printer  al'ows  monitoring  of  the  system  during  data-taking  in  addi¬ 
tion  to  a  baekup  data  record,  while  the  incremental  tape  reeordcr  stores  raw  data  in  a  form 
suitable  for  dumping  into  a  computer  for  data  processing. 

A  Nixie- Tube  display  was  also  constructed  to  allow'  visual  monitoring  of  the  experiment. 

X.  DATA  PROCESSING 

Recorded  data  from  the  incremental  magnetie-tape  recorder  are  fed  into  an  IBM  360/67  for 
processing.  To  date,  wc  have  only  earned  thv.  programming  to  the  point  of  printing  out  tabulated 
data  as  in  Fig.  9,  and  plotting  the  data  as  s.iown  in  Fig.  10.  It  is  immediately  apparent  from  the 
data  that  quite-aecurate  values  for  currents,  voltages,  and  slopes  of  the  V-l  characteristic  can 
be  obtained  with  this  system.  With  proper  calibration  of  individual  cells,  the  measurement  of 
open-cireuit  voltage  should  allow  temperature  determination  of  the  cell  to  within  0.2  “C.  Pro¬ 
gramming  will  be  continued  to  determine  the  extent  to  whieh  reasonable  internal  modeling  param¬ 
eters  for  the  various  eells  ean  he  derived  from  these  data. 

XI.  FLIGHT  RESULTS 

The  balloon  instrumentation  and  launch  operations  are  earriedout  for  JPL  by  the  Applied  Sei- 
enee  Division  of  Litton  Systems.  Ine.,  at  Minneapolis.  Our  instrumentation  was  delivered  to  them 
on  2  September  1969,  and  beeause  of  the  excellent  advance  cooperation  of  JPL  and  Litton  person¬ 
nel,  integration  with  the  JPL  sun  tracking  and  telemetry  systems  was  quite  easy  (eleetrical  check¬ 
outs  were  completed  in  less  than  3  hours,  and  mechanieal  details  completed  in  a  day-and-a-half ). 
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Launch  occurred  at  8:30  a.m.  on  8  September  1969  from  an  abandoned  airfield  at  the 
northern  edge  of  Minneapolis.  The  balloon  reached  its  float  altitude  of  120,000  feet  at  10:56  a.m. 
where  it  remained  until  3:00  p.m.,  at  which  time  descent  was  initiated.  The  experiment  was  re¬ 
covered  undamaged  when  the  balloon  landed  at  7:30  p.m.  in  the  middle  of  the  airfield  at  Durand, 
Wisconsin,  about  70  miles  from  the  launch  site. 

At  an  altitude  of  60,000  feet  on  the  ascent,  the  control  circuits  of  the  JPL  sun  tracker  were 
turned  on.  From  that  time  until  the  balloon  descended  to  55,000  feet,  the  cells  were  maintained 
within  1“  of  normal  incidence  to  the  incident  sunlight. 

Because  of  lack  of  adequate  heat  sinking,  the  temperature  of  the  Lincoln  cells  had  risen  to 
60 °(’  by  the  time  the  balloon  reached  its  float  altitude.  This  rise  continued  during  float,  reach¬ 
ing  a  maximum  of  86 °C  prior  to  descent.  However,  we  believe  that  temperature  data  obtained 
on  the  ascent,  coupled  with  the  high  resolution  of  the  A/D,  will  allow  satisfactory  extrapola¬ 
tion  to  lower  temperatures  for  comparison  with  the  LEG- 6  post-launch  data. 

XU.  POTENTIAL  INSTRUMENTATION  MODIFICATIONS 

Two  areas  which  would  require  modifications  of  the  present  instrumentation  are  (a)  use  of 
the  system  in  a  space  experiment,  and  (b)  use  of  the  system  for  ground  testing  of  solar  arrays. 

In  space  applications,  power  consumption  and  reliability  are  prime  considerations.  Ob¬ 
viously,  low-power  circuits  should  be  used  throughout  such  circumstances.  The  use  of  Darlington 
circuits  as  shown  in  Fig.  11  can  significantly  reduce  the  power  required  by  the  cell- selecFon  ma¬ 
trix.  A  recent  design  for  a  32-cell  experiment  in  a  near-earth  orbit  resulted  in  a  power  con¬ 
sumption  slightly  in  excess  of  1  W  (including  power  converter  losses);  about  half  this  power  re¬ 
sulted  from  the  cell  short-circuit  current  which  must  be  drawn  from  voltages  supplied  by  the 
power  converter. 


Fig.  11.  Modificotion  of  solar-cell  feedbock  loop  to  reduce  power  consumption. 

At  present,  the  degradation  of  MOS  devices  in  a  space  environment  would  preclude  their  use 
in  a  spac  e  experiment.  Modification  of  the  cell  matrix  switches  to  use  junction  KET's  is  shown 
in  Fig.  1  2. 

For  experiments  involving  large  numbers  of  solar  cells  (i.e.,  several  hundred),  failure  of 
n  single  device  in  the  cell  matrix  or  the  development  of  leakage  currents  in  large  numbers  of 
the  matrix  devices  can  ruin  all  subsequent  measurements.  This  vulnerability  can  be  avoided 
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12.  Modification  of  solor-celi  feedback  loop  to  use  junction  FET's. 


Fig.  13.  Subdivided  cell-selection  motrix. 
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by  dividing  the  matrix  into  submatriees,  each  with  its  own  set  of  operational  amplifiers.  An 
example  of  a  subdivision  of  four  is  shown  in  Fig.  13  where  the  two  most- significant  bits  of  the 
cell  counter  select  the  operational  amplifier  to  be  read  out  by  the  A/l>  the  remaining  bits  drive 
the  submatriees  in  parallel.  Although  net  illustrated  in  the  figure,  power  drain  can  be  kept  down 
by  turning  off  the  OA2's  wliieh  are  not  being  read  out. 

It  may  be  desirable  to  increase  the  rate  of  measurements  for  some  ground  or  spaee  applica¬ 
tions.  For  measurements  on  single  cells,  the  LES-6  system  is  the  fastest  we  have  accomplished 
to  date.  In  this  system,  a  given  voltage  is  switched  aeross  16  different  eells  in  succession;  this 
is  far  worse  than  switching  voltage  aeross  a  single  cell.  However,  the  LES-6  circuit  settles 
out  in  I60psec;  foi  switching  voltages  on  a  single  cell,  the  settling  time  shou'd  be  substantially 
less.  Successive  approximation  A/U's  can  accomplish  12-bit  conversions  in  less  than  lOOgsec. 
and  8- bit  conversions  in  the  1-  to  5-gsee  range  (the  priee  paid  is  power  consumption).  With 
these  numbers,  a  conservative  rate  of  data- taking  would  be  every  120gsee  for  a  12-bit  system 
and  every  25gsee  for  an  8- bit  system,  v/ith  an  additional  50  to  150gsee  required  for  switching 
from  one  cell  to  the  next. 

The  accuracies  of  this  system,  0.1  percent  of  full  scale  for  current  and  0.2  mV  for  voltage, 
represent  accuracy  limits  which  are  adequate  for  most  applications.  Using  ehopper-stabilized 
amplifiers  with  high-aeeuracy  I)/A  resistive  networks  and  suitable  calibration  techniques,  it 
would  be  quite  possible  to  develop  a  system  which  eould  maintain  an  aceuraey  (even  over  several 
years  in  orbit)  of  0.01  percent  of  full  scale  for  current  and  0.01  mV  for  the  applied  voltage.  Ap¬ 
plications  of  such  systems  in  orbit  might  be  (a)  measuring  temperature  eoeffieients  with  very 
limited  swings  in  temperature,  (b)  measuring  the  effects  of  differing  earth- sun  distance  through¬ 
out  the  year,  (e)  measuring  the  effects  of  short-term  solar  varia  ion,  and  (d)  determining  very 
slow  rates  of  cell  degradation  in  the  spaee  environment. 

It  is  quite  possible  to  scale  up  the  instrumentation  to  measure  solar  arrays  or  portions  of 
solar  arrays.  Using  high- power  operational  amplifiers  and  sealing  the  stepped  voltage  appro¬ 
priately  would  yield  a  system  capable  of  measuring  most  solar  panels  built  to  date. 

XIII.  CONCLUSIONS 

Instrumentation  which  basically  operates  as  a  specialized  incremental  x-y  plotter  has  been 
developed  for  measuring  solar-eell  V-I  eharaeteristics.  The  eireuit  technique  was  originally 
flown  on  LES-6.  An  improved  system  capable  of  taking  V-I  characteristics  with  substantial  de¬ 
tail  and  accuracy  has  been  constructed  and  recently  flown  on  a  high-altitude  balloon.  Accuracies 
of  this  system  do  not  represent  attainable  limits,  but  were  simply  reasonable  limits  foe  his 
particular  application.  The  techniques  described  are  eminently  suited  for  spaee  applications  as 
well  as  for  many  nonspaee  measurement  situations. 
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